We analyzed a dataset of antler measurements using MANOVAs, PCAs and scaling relationships, to quantify morphometric variation between extinct and living giant muntjacs in relation to variation shown by a different sympatric large-bodied muntjac species. We also attempted ancient biomolecule analysis of Holocene samples from China.
INTRODUCTION
Humans have been a dominant driver of patterns in global biodiversity during the Late Quaternary, with anthropogenic activities having substantially affected species diversity and distributions throughout recent millennia as well as during the modern historical period. There is therefore increasing awareness of the need to integrate historical archives into conservation research and environmental management, to provide novel insights into patterns of past extinction and ecosystem structure that are unavailable from short-term ecological studies (Bonebrake et al., 2010; Rick & Lockwood, 2013; Davies et al., 2014) . In particular, due to past human-caused biodiversity loss, observed modern-day geographic ranges of many formerly widespread species represent reduced "pseudo-endemic" distributions lacking a true evolutionary or ecological basis, following extirpation across other parts of a historical range (Steadman, 2006; Turvey, 2009 ). These remnant subpopulations often persist in peripheral "refugia" that may represent areas of reduced anthropogenic extinction pressure rather than optimal habitat (McShea et al., 1999; Channell & Lomolino, 2000a, b) .
Without an improved understanding of species geographic distributions before disruption by human activity, or subsequent spatiotemporal patterns of human-caused range collapse and their relationship to environmental and anthropogenic parameters, insights into wide-scale biogeographic patterns of species diversity and specific ecological requirements of threatened species will remain incomplete and biased by an "extinction filter" (Balmford, 1996) .
However, reconstruction of past species ranges is not straightforward, due to major differences in sampling availability and data quality between modern-day ecological studies and fossil, zooarchaeological or historical records (Turvey, 2009) . One source of confusion arises from the increased tendency for palaeontological research to generate taxonomic inflation through overdescription, which has led to some locally extirpated populations of surviving species being erroneously described as distinct, supposedly extinct "species" (see Pregill, 1981 and Steeves et al., 2010 for examples), thus hindering accurate reconstruction of past species ranges and the magnitude of humancaused biodiversity loss through misperception of "pseudo-extinctions".
Developing a robust evidence-base on patterns of past and present human-caused biodiversity loss is of particular significance for Eastern and Southeast Asia. This geographic region today contains the highest levels of threatened land mammal species in the world (Schipper et al., 2008; Sodhi et al., 2010) , and is experiencing an ongoing series of range reductions, population extirpations and species extinctions of large-bodied mammals caused by extreme levels of anthropogenic pressure on terrestrial ecosystems (Tilson et al., 2004; Turvey et al., 2007; Brook et al., 2012; Fan et al., 2014) . Research into the environmental requirements of threatened Asian mammal species, and ecological correlates of vulnerability or resilience to different human activities in this region, is therefore of substantial conservation importance.
A particular regional hotspot for conservation attention is the Annamite Mountain chain, which extends along the border of Vietnam and Laos and contains some of the last relatively intact moist forests in Indochina (Olson & Dinerstein, 2002) . This ecoregion is famous for the discovery of several previously unknown, regionally endemic and highly threatened mammal species from the 1990s onwards, including the saola (Pseudoryx nghetinhensis), a critically endangered forest bovid (Dung et al., 1993) (Elvin & Liu, 1998; Elvin, 2004; Ren, 2007) . Several mammals that are historically known only from restricted landscapes in Indochina have much broader Quaternary distributions that are likely to have been modified by prehistoric human activity (e.g. kouprey Bos sauveli; Hoffmann, 1986 , Bacon et al., 2011 , and animal representations on Bronze-Iron Age cultural artefacts have been interpreted as evidence for wider Holocene distribution of saola across Vietnam (Reinicke, 1996) . It is therefore possible that modern-day distributions of Annamite mammals represent reduced, refugial pseudo-endemic distributions that are primarily defined by extirpation across other areas of a formerly wider historical range.
Muntjacs are widely represented in the zooarchaeological record of Eastern and Southeast Asia, as they constitute an important target species for hunters (Higham, 2013; Turvey et al., 2015) . The Neolithic site of Hemudu (c.7000-6000 BP) in the Yangtze delta region of eastern China contains a large muntjac sample, including a series of distinctive large antlers and associated pedicles, together with incomplete mandible and maxilla fragments, which were described by Wei et al. (1990) as a new extinct species, Muntiacus gigas (Fig. 1) .
Further large muntjac specimens have since been assigned to M. gigas from Holocene archaeological sites across central and eastern China (Guanzhuangping, Hubei: Eastern Zhou Dynasty, c.2800-2200 BP; Liulinxi, Hubei: Neolithic, c.7000-6000 BP; Lujiahe, Hubei: Early Shang Dynasty, c.3600-3250 BP; Luoping, Hubei:
Late Bronze Age-Han Dynasty, c.2800-1800 BP; Xisiping, Hubei: Neolithic, c.6000 BP; Tianluoshan, Zhejiang: Neolithic, c.6900-6600 BP), although identification of most specimens is unconfirmed (Fig. 2) (Chen et al., 2004; Wu & Zhou, 2005; Wu, 2007; Zhang, 2009) crinifrons) (Ohtaishi & Gao, 1990; Rabinowitz et al., 1998; Chen et al., 2004 Chen et al., , 2008 Wu, 2007; Groves & Grubb, 2011) , suggesting that significant barriers to gene flow may not have existed between allopatric giant muntjac populations during the Holocene.
However, Muntiacus gigas is almost completely unknown outside the Chinese archaeological literature, was apparently not known to the researchers who described M. vuquangensis, and has never been compared in any detail with extant Annamite giant muntjacs. In order to clarify the status of these two allopatrically distributed giant muntjac taxa, and to assess whether our understanding of regional mammalian biogeography has been affected by misperceptions of pseudo-endemism and pseudo-extinction associated with a historical extinction filter, we conducted quantitative morphometric analyses that include measurement data from modern, historical, and zooarchaeological muntjac specimens representing several taxa available in museum collections in Europe and Asia. Our study reveals new insights into the evolutionary history of the Annamite large mammal fauna and into patterns of Holocene range collapse in Asian mammals, with important implications for both biogeography and conservation.
MATERIALS AND METHODS
We studied 17 modern field-collected specimens of Muntiacus vuquangensis from several localities in Laos in the mammalogy collections of the Natural History Museum, London (NHM) (1994.217, 1994.442-444, 1994.484-486, 1994.491, 1994.493-501) , two uncatalogued specimens from Nakai-Nam Theun National (14.12.8.239, 14.6.18.36, 15.12.1.22, 15.12.1.27, 15.5.5.242, 15.5.5.243, 21.5.1.42, 24.9.4.10, 27.2.14.116, 27.2.14.117, 33.4.1.502, 41.199, 50.720, 50.722, 50.725, 67.779, 76.1883, 82.2713, 82.2714, 85.765, 91.8.7.47, 91.8.7.48, 94.12.19.6, 701.a.a., 2010.488 Although all available specimens and measurements were used to calculate descriptive statistics, it was not possible to use the full specimen or measurement series in our MANOVAs or PCAs due to missing data. A series of 17 specimens and 8 measurements (numbers 1, 2, 3, 9, 10, 11, 12, 13) was used for comparison between M. gigas and M. vuquangensis, a series of 44 specimens and 14 measurements was used for comparison between Chinese and non-Chinese samples of M. vaginalis, and a series of 61 specimens and 8 measurements (same as reduced series above) was used in the total combined comparison.
Antler size and morphology varies intraspecifically both in relation to body size and across the lifespan of a deer, and the scaling relationship between different antler proportions can provide a useful taxonomic signal for differentiating between different species (Lister, 1990) . The most suitable general index of antler size is the circumference of the pedicle (the beam at the base of the antler) immediately below the burr, which is proportional to both body size and age of individual, and which constitutes a standard benchmark measurement against which other antler measurements can be regressed (Lister, 1990) . Five measurements (pedicle length to frontal-parietal suture; beam outer length above burr; beam basal circumference; tine outer length above burr; tine basal circumference) were regressed against pedicle distal circumference for our sample series of Muntiacus gigas, M. vuquangensis, and the combined sample of M. vaginalis, with regressions using the maximum number of samples where data for each measurement pair were available. Regression slopes were compared between the three groups, and considered significantly different if confidence intervals of the slopes did not overlap; 83% confidence intervals were used for comparison because these give an approximate α=0.05 test, whereas comparisons using two sets of 95% confidence intervals are too conservative (Payton et al., 2003) . Analyses were performed using the standardized major axis (SMA) calculation from the 'smatr' package in R; SMA analyses are able to summarize the relationship between two variables without necessarily predicting one from the other, and are the most recommended approach when testing for isometry (Warton et al., 2006; Randau et al., 2013) . There is similarly no separation of either the two giant muntjac sample series or the two M. vaginalis sample series in PCA, whereas the combined giant muntjac sample and the combined M. vaginalis sample show almost total separation along PCA axis 1 ( Ancient biomolecule analyses through ZooMS resulted in collagen spectra for all four deer samples processed, although taxonomic identification was restricted by both the quality of the spectra and the known limitations of ZooMS within cervids (Buckley & Collins, 2011) . We were nonetheless able to identify artiodactyl peptide markers in all four samples, with one identified as almost certainly cervid. Whilst precise taxonomic identification was not attained, the retrieval of collagen spectra is proof of ancient biomolecule survival from early-mid Holocene material from the Yangtze region. In contrast, attempts to amplify mitochondrial DNA were unsuccessful for all samples tested from Hemudu and Tianluoshan, suggesting that whilst collagen persists, ancient DNA from these regions is poorly preserved, similar to the condition in other hot environments (Welker et al., 2015) , and preventing us from complementing our morphometric analyses with molecular phylogenetic reconstruction of giant muntjac populations.
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Our investigation of the relationships and taxonomic status of giant muntjac populations from Eastern and Southeast Asia provides an important new baseline for understanding the wider postglacial biogeography and evolutionary history of the Asian mammal fauna, and for recognizing the widespread role of extinction filters in generating artefactual patterns of pseudo-extinction and pseudo-endemism in ecoregions with long histories of anthropogenic modification. Unfortunately, it did not prove possible to extract genetic sequence data from ≥6000 year old samples preserved under subtropical environmental conditions. However, whereas it is possible to differentiate our combined giant muntjac sample from our reference sample of red muntjacs using MANOVA, PCA and scaling relationships for available antler measurements, not only do our statistical analyses not differentiate between red muntjac samples from Eastern Asia and Southeast/South Asia, but our available data are also unable to differentiate between specimens assigned to the extinct Muntiacus gigas and the extant M. vuquangensis collected from across a similar geographic region. There is always the risk of a non-significant result constituting a Type II statistical error in studies of taxa with limited representation in museum collections, when only relatively small sample sizes or measurement series are available for analysis; however, the extensive overlap of specimens assigned to both M. gigas and M. vuquangensis along PCA axes 1 and 2 (Fig. 3) indicates that a larger available sample would still be highly unlikely to lead to statistical differentiation of these taxa. Similarly, our study was restricted to the use of morphometric data from antlers, and we encourage further investigation of M. gigas material from central and eastern China to test our conclusions; however, even using this relatively restricted dataset we were still able to demonstrate statistically different patterns of morphometric variation between extinct Chinese giant muntjacs, living Annamite giant muntjacs, and a reference sample of sympatric red muntjacs. These morphometric data can therefore be used to inform reassessment of the status of giant muntjac populations in China and the Annamites, and contribute towards more accurate reconstruction of patterns of Asian large mammal ecology, diversity and distribution.
The taxonomy of mainland Asian muntjacs is confusingly complex.
Species concepts and species boundaries remain highly contentious, both for some species suggested to occur in both China and Indochina (e.g. M. crinifrons) and for putative species apparently endemic to the Annamite region (e.g. M.
puhoatensis, M. putaoensis, M. rooseveltorum, M. truongsonensis), and several taxa are often explicitly treated at the level of species complexes rather than individual species in an attempt to accommodate this uncertainty (Giao et al., 1998; Chen et al., 2008; Timmins et al., 2008b, c; Groves & Grubb, 2011) . More generally, ungulate taxonomy has been greatly affected in recent years by the use of alternative species concepts by different authorities, leading to a lack of stability in levels of species diversity recognized in many groups (Groves & Grubb, 2011; Heller et al., 2013; Zachos et al., 2013) . However, despite this uncertainty, our morphometric data can be interpreted within the context of variation seen within and between well-defined muntjac species. Even recent authorities who advocate extensive taxonomic splitting of muntjacs according to a phylogenetic species concept approach (Giao et al., 1998; Groves & Grubb, 2011) consider that populations of M. vaginalis across their mainland range north of the Isthmus of Kra should be interpreted as conspecific. The comparable lack of statistical morphometric differentiation within either our combined M.
vaginalis sample or our combined giant muntjac sample, in contrast to the significant differentiation observed between these two combined samples, therefore provides no support for recognizing M. gigas and M. vuquangensis as distinct taxa. Instead, giant muntjacs from across China and the Annamites should probably be referred to a single species, with M. gigas Wei et al., 1990 constituting the senior taxonomic synonym of M. vuquangensis (Tuoc et al., 1994) , and joining the select group of extant mammal species that were originally described on the basis of Quaternary fossil or zooarchaeological material (e.g. Bulmer's fruit bat Aproteles bulmerae, Chacoan peccary Catagonus wagneri, gray whale Eschrichtius robustus, false killer whale Pseudorca crassidens, bush dog Speothos venaticus; Owen, 1846; Wetzel, 1977; Hyndman & Menzies, 1980; Bryant, 1995; Beisiegel & Zuercher, 2005) . recently been demonstrated for gibbons using historical records dating across the late Imperial-modern period (Turvey et al., 2015) . Persistence of final populations of giant muntjac in the Annamite Mountain chain up to c.1000 metres above sea level (Timmins et al., 2008a ) is also consistent with increased extinction vulnerability of many taxa at lower elevations due to greater human population growth and habitat conversion in these more accessible regions, and survival of remnant populations of many threatened species at higher elevations (Li et al., 2002; Fisher, 2011; Zhu et al., 2013; Turvey et al., 2015) . Although giant muntjacs have been reported into the first millennium BC in the middle Yangtze region (Wu & Zhou, 2005; Wu, 2007) , the timing of their extirpation across China is somewhat uncertain as material referred to M. gigas from some archaeological sites has not been adequately figured or described; we encourage further research to establish a more robust regional extinction chronology for the species, so that the dynamics and drivers of Asian large mammal range collapse can be better understood.
Habitat preferences of giant muntjac in the Annamite region remain unclear, but the species is considered today to be probably dependent upon dense, wet evergreen and semi-evergreen forest (either closed-canopy forest habitat, or a habitat mosaic including this forest type), and is apparently absent from drier semi-evergreen and deciduous forests (Schaller & Vrba, 1996; Timmins et al., 1998 Timmins et al., , 2008a Rasphone, 2010) . In contrast, red muntjac has been recorded from a wide range of wet and dry forests and anthropogenically modified vegetation types in the Annamites (Schaller & Vrba, 1996; Timmins et al., 1998) . The apparent wider environmental tolerance shown by red muntjac may therefore be associated with greater resilience to regional extinction, explaining the different patterns of Holocene population extirpation or persistence displayed by these two formerly sympatric large-bodied muntjac species. However, giant muntjac appears to have formerly occurred in a wider range of habitat types across its former Holocene distribution in China, including subtropical evergreen-deciduous broadleaf forests in the Yangtze delta, a region for which Holocene environments have been reconstructed in some detail (Yi et al., 2003; Chen et al., 2005) . Further investigation of past habitat associations of giant muntjac in China across the Holocene will help to determine the fundamental niche of this species and its true physiological and ecological limits, in order to help refine appropriate conservation management frameworks and to predict likely responses to future environmental change (cf. Nogués-Bravo, 2009; Veloz et al., 2012) .
Our study provides not only a new paradigm for understanding the current status and conservation requirements of the Annamite giant muntjac, but also a new example of how extinction filters can mask historical range collapses, and lead to anthropogenic patterns of pseudo-endemism and pseudoextinction being mistakenly interpreted as ecologically or evolutionarily meaningful biogeographic signals. Our findings therefore contribute to the increasing recognition of anthropogenic extinction filters as a potentially major determinant of observed patterns of current-day mammalian biogeography and extinction risk (Cardillo et al., 2004 (Cardillo et al., , 2005 Turvey & Fritz, 2011) , and to the body of literature which demonstrates the importance of long-term Quaternary and historical archives for providing unique new insights to inform current debates on ecology, evolution and conservation (Willis & Birks, 2006; Lyman, 2012; Crees & Turvey, 2015) . The rich Chinese zooarchaeological record in particular has still been largely unstudied from the perspective of understanding human impacts on wild mammal faunas through time; this important archive has the potential to reconstruct past species distributions and the dynamics and drivers of faunal turnover in Eastern Asia across recent millennia, and to determine the extent to which co-occurring large mammal species exhibit individualistic or fauna-wide extinction filter patterns. It is highly likely that further research into 
